M
echanosensitive channels (MSCs) of Escherichia coli were first detected as suction-induced unitary conductances under a patch clamp (1) . The genes for the two main types of MSCs, which have homologs in a large variety of bacteria (2, 3) , have been cloned, expressed, and manipulated. MscL has a large conductance of Ϸ3 ns (4) , whereas MscS has a smaller conductance of Ϸ1 nS that is largely the activity of the YggB protein (3) . MscL protein of Mycobacterium tuberculosis has been purified, crystallized, and the crystal structure solved at 3.5 Å resolution (5) . A homopentameric channel was revealed in a closed state. Each MscL subunit comprises two transmembrane helices, M1 and M2 (6) , and the cytoplasmic thirds of the five M1s come together to form the constriction that closes the channel by hydrophobic interactions (ref. 5 and see Fig. 1A ). Expanding the hydrophobic constriction while generating the first open substate presents the greatest energy barrier to opening (7) , although there may be other gating structures (8) .
A bacterium doused by rainwater must deal with the tremendous osmolality difference between the cell and the water outside (9, 10) . Thus, the role of MSCs as safety valves to jettison osmolytes upon sudden osmotic downshocks was proposed at the time of their very discovery (1) . Indeed, Levina et al. showed that deleting both mscL and yggB, but not either, results in bacterial lysis upon downshock (3) .
However, there is a gulf between our understanding of MSCs as molecules and as functional entities in vivo. For MscL, the atomic resolution of its structure (5) , computer-assisted modeling (8) , biophysical calibration (7) , and genetic dissection (6, (11) (12) (13) have made it a premier molecular model to study mechanosensory transduction. But the insights gained in these studies cannot be easily translated into insights in bacterial physiology. We have the following difficulties: (i) There are no electrophysiological methods to study intact bacteria during downshock; (ii) MSCs are mired in a complex tripartite envelope whose mechanical properties are not well understood; (iii) Although there is likely no osmotic pressure difference between the cytoplasm and the periplasm during steady-state growth (14, 15) , the course of the rise and fall of turgor pressure during downshock, especially at the plasma membrane where MSCs reside (16) , is unknown. A 1,000 mmol͞kg downshock could theoretically create a turgor pressure of Ϸ24 atm (1 atm ϭ 101.3 kPa) at 25°C. If presented directly to the plasma membrane at a curvature of 1-m diameter, this pressure would create a tension of Ϸ600 dyne͞cm. This pressure is Ϸ60 times the average of 10 dynes͞cm that opens 50% of the MscL channels from liposomes (7) and spheroplasts (S. Sukharev, personal communication), far exceeding the lytic tension of the lipid bilayer. Obviously, the cell must have multiple mechanisms for buffering such a shock.
Deleting either yggB or mscL from E. coli does not affect viability after downshock, although deleting both results in lysis (3) . Therefore, why have two channels evolved and been maintained if only one is sufficient? This question is more problematic for MscL because MscL opens under patch-clamp at a suction of 1.7-1.9 times that which activates MscS (11, 12) , an activity largely attributed to YggB (3). Upon downshock, it seems reasonable for the rising turgor at the plasma membrane to first open YggB. This opening alone seems sufficient to deflate the bacterium (3), possibly precluding MscL's opening. However, Ajoux et al. (17) and Berrier et al. (18) have shown that MscL's presence is responsible for the release of various solutes including small proteins, implying MscL gating upon downshock in a strain that includes YggB (17, 18) . Therefore, we wanted to demonstrate MscL gating and determine the threshold response for MscL opening in live bacteria upon downshock in the presence or absence of YggB.
As it is not yet possible to directly monitor MSCs' behavior during downshocks, we resorted to an indirect method to gauge the opening of MscL in vivo. In the crystal structure of MscL, the channel is closed by a hydrophobic constriction (ref. 5 and Fig.  1 A) . Polar or charged residues genetically engineered into this constriction result in ''loose cannon'' channels that gate at low or no applied suction, frequently firing as flickers and often to a substate. Bacteria harboring such channels are unable to grow, presumably because of cytoplasmic bleeding (12) , and randomly generated mutations selected for this toxicity were found to cluster at this constriction (11) . We reasoned that if charges can be attached to the constriction when it is loosened, they should convert the channel into a loose cannon and thereby stop growth. If so, we should be able to use growth stoppage to indicate that the constriction has been loosened and the channel opened. To this end, we made a mild substitution well within the constriction, changing the five Leu-19s into cysteines. Native MscL has no cyteines, and Leu-19 of EcoMscL is equivalent to Leu-17 of TbMscL (ref. 5 and Fig. 1 A) . We then added cells expressing this channel to downshock medium containing MTSET 
Materials and Methods
Strains. Leu-193Cys mscL was created by megaprimer PCR and inserted into the isopropyl ␤-D-thiogalactoside (IPTG)-inducible pB10b as described (12 (20) ; MJF367 and MJF455 were from FRAG1 (F Ϫ gal rha thi lacZ) (21) . All were of K-12 origin. Downshock Assays. Freshly streaked bacteria were grown overnight at 37°C in 2 ml of modified LB medium [0.5% instead of 1% NaCl (1) with 100 g͞ml ampicillin, 220 mmol͞kg]. In the morning, 100 l of the culture was diluted 1:20 into LB and outgrown at 37°C to OD 650 0.5 to 1.2 and then further diluted to OD 650 0.02 into 10 ml of prewarmed LB plus 500 mM NaCl. (Pregrowth was significantly slower for PB104 than the MJF strains). At OD 650 of 0.12-0.17, IPTG Gold Biotechnology, St. Louis) stock was added to give 1 mM IPTG. (LBx is LB ϩ x mM NaCl; therefore, the IPTG-containing LB ϩ 500 mM NaCl is called LB500, 1,200 mmol͞kg). After 1-hr induction, the culture was diluted 1:20 into 10 ml of various shock media in 125-ml flasks and shaken at 37°C. The isotonic shock medium was LB500 Ϯ various concentrations of MTSET ϩ (Toronto Research Chemicals, Downsview, ON, Canada). The hypotonic shock medium was LB ϩ IPTG with 0-400 mM of added NaCl (Ϯ0.5 mM MTSET ϩ ) as given. (MTSET ϩ 100ϫ stock solution in water was prepared and filtered within 10 min before each shock.) After 5 min, 50-100 l of cells was withdrawn to make tenfold serial dilutions into MTSET ϩ -free shock media. Samples then were plated on agar with LB ϩ 1 mM IPTG and incubated at 37°C overnight before counting cfu on triplicate plates. The downshock lasted 5 min to minimize the growth-rate differences in shock media with different amounts of added NaCl. Osmolality (mmol͞kg) was determined with a Wescor Osmometer (Logan, UT).
Patch-Clamp Assays. Preparation of giant spheroplasts, recording pipettes, pipette fillant, back-filling procedure, patch formation, current amplification and filtration, and the presentation of MTSET ϩ were as described (12, 22) . Frozen spheroplast aliquots were thawed for the day's use. After prolonged storage at Ϫ20°C, some spheroplasts yielded patches that had channel activities during seal formation. They were excluded from analysis. A series of suctions, each lasting several seconds, was applied to the patch. Although the absolute pressures needed to open MscS (including YggB) and MscL depend on the geometry of the particular patch, the activities of MscS served as an internal calibration for the behavior of MscL in the same patch (4, 6) .
Results
MTSET ؉ Dependence of Downshock-Induced Death. Given our previous use of E. coli strain PB104 (mscL⌬ yggB ϩ in the AW405 background) for mutational and patch-clamp analyses (2, 6, 11, 12, 22) , we first used this strain to investigate MTSET ϩ dependence of downshock-induced death. For an isoosmotic shock, cells are diluted 1:20 from LB500 growth medium into fresh LB500 for 5 min. For a downshock, cells are diluted 1:20 from LB500 into LB, i.e., from 1,200 to 220 mmol͞kg medium. Both conditions are tested with and without MTSET ϩ . For PB104 cells expressing the wild-type mscL plasmid or the empty plasmid, neither the downshock nor the MTSET ϩ had any significant effect ( Fig. 2A) . On the other hand, PB104 cells expressing Leu-193Cys mscL suffered a large loss of cfu after the downshock but not after the isoosmotic transfer; this loss occurred only in the presence of MTSET ϩ (Fig. 2B) . Ninetyeight percent of cfu-expressing Leu-193Cys mscL are lost upon downshock in the presence of 0.5 mM MTSET ϩ . This response depends upon the MTSET ϩ concentration so that 0.2 mM MTSET ϩ has an intermediate effect (Fig. 2B ). For simplicity, we refer to ''removing cfu'' as ''killing'' below.
Approximately 800 mmol͞kg Downshock and MTSET ؉ Kill Bacteria
Harboring Leu-193 Cys MscL. We estimated the severity of the downshock needed to kill Leu-193Cys mscL-expressing PB104 bacteria in the presence of 0.5 mM MTSET ϩ as an indirect gauge of the downshock that opens their MscL channel(s) in vivo. An MTSET ϩ -specific death is clearly evident upon downshock from 1,200 to 420 mmol͞kg or lower osmolality medium (to LB100 or LB Ͻ100) (Fig. 3A) .
Because the role of MSCs in vivo has been explored in bacteria of the FRAG1 background (3), we investigated MTSET ϩ -induced death of Leu-193Cys-mscL-transformed bacteria in this genetic background as well. As shown in Fig. 3B , Leu193Cys mscL-expressing MJF367 bacteria (mscL⌬ yggB ϩ in the FRAG1 background) also suffer a major loss of viability when downshocked from 1,200 to 420 mmol͞kg or lower osmolality medium (to LB100 or LB Ͻ100). However some death is evident even with a 1,200 to 610 mmol͞kg downshock (to LB200). The similar MTSET ϩ -specific killing in both E. coli strains indicates that Leu-193Cys MscL channels in most of the cells are apparently opened by an Ϸ800 mmol͞kg downshock. In both cases, YggB is present. Note that the response differences between the two bacterial strains of different genetic backgrounds (PB104 and MJF367) are largely unrelated to MTSET ϩ (Fig. 3 A vs Fig. 4A shows that a downshock of Ϸ400 mmol͞kg into LB300 (800 mmol͞kg) kills most of the bacteria when 0.5 mM MTSET ϩ is present. This finding indicates that (Fig. 4C) , which is entirely consistent with results of Levina et al. (3) , even though we are using an LB-based medium that includes ampicillin and we are shocking for only 5 min (3).
Interestingly, more than half the MJF455 cells expressing wild-type or Leu-193Cys mscL survived the shock to LB in the absence of MTSET ϩ (Figs. 4 A and B) , whereas most of these cells are killed when both MscL and YggB are absent (ref. 3 and Fig. 4C ). Here, plasmid-expressed wild-type MscL channels (23) and MscL channels partially rescued the double knockout, undoubtedly by opening. Because MTSET ϩ abolishes rescue by Leu-193Cys mscL and not by wildtype mscL (Fig.  4A) , cell death must be caused by the binding of MTSET ϩ to Cys-19 in channels that have exposed this residue during gating. Inside-out patches excised from Leu-193 Cys mscL-expressing PB104 spheroplasts were examined. Leu-193 Cys MscL apparently activates at a threshold higher than that of the wild-type MscL (12, 22) . Activities were registered at strong suctions but could not be interpreted quantitatively with confidence, because these suctions often break the patches. Possibly, the high threshold is not caused by disulfide bridges among the five cysteines in the pentamer, because the addition of 5 mM DTT to the solution bathing the cytoplasmic side of the patch did not reduce the threshold. However, after 1 mM MTSET ϩ is applied to the bath, f lickering MscL activity can be discerned (arrows, Fig. 5Ai ), but only after prolonged application of strong suction. This suction is more than twice the negative pressure needed to activate all of the smaller MS conductances, including MscS in the same patch (Fig. 5A , arrowheads and the plateau; MscS conductance is largely the activities of the YggB channels; ref.
3). Once the Leu-193 Cys MscL activities appear, they can be observed riding on the MscS activities (Fig. 5Aii, arrowhead ) in subsequent episodes with mild or even no suction applied to the same patch. Unlike the wild-type MscL activities that can easily be resolved as f lat-top unitary currents at our rate of filtration (5 charges in the hydrophobic constriction (11, 12, 22) . Because of the rapid kinetics, some highly transient channel openings are presumably filtered out by our recording system.
In the above experiment, a buffer bathes the excised inside-out patch, and the MTSET ϩ in the buffer presumably attacks the channel from the cytoplasmic side. We also examined the effect of applying MTSET ϩ from the presumed periplasmic side by backfilling the recording pipettes with 1 mM MTSET ϩ . The patch showed only MscS activities even upon strong suctions for long periods (not shown). After Ϸ20 min of incubation, a suction often finally elicited the Leu-193Cys MscL activities (arrows, Fig. 5Bi ), but the suction, again, had to be large enough to activate all of the MscSs in the patch (arrowhead and plateau, Fig. 5Bi ). Once these were observed, as before, little suction was required for their appearance in subsequent episodes in the same patch (Fig. 5Bii) . We interpret these findings to indicate that, under tension, residue 19 eventually becomes accessible to MTSET ϩ from either side of the membrane, consistent with the tension having opened an aqueous path lined by the five Cys-19 residues.
Discussion
We found MTSET ϩ -dependent killing in bacteria-expressing Leu-193Cys mscL, demonstrating MscL gating after certain osmotic downshocks in vivo (Figs. 2B, 3, and 4 ). MscL's residue 19s are modeled to be within the constriction in the closed state but exposed to water upon opening (8, 24) . Here, we found that downshock apparently stretches the MscL channel open, allowing MTSET ϩ attachment (Fig. 1) and converting the channel into a toxic leak. This conclusion is corroborated by the patch-clamp observation (Fig. 5 Ai and Bi) that severe suction is required to give MTSET ϩ access to Cys-19. The channel subsequently opens more easily, behaving like one with charges embedded in its hydrophobic constriction (refs. 11, 12, and 22 and Fig. 5 Aii and Bii). In contrast, in vivo controls indicate that the killing effects are not caused by the entry of MTSET ϩ into the cell through an MscL channel, nor is it caused by the loss of a wild-type channel (Fig. 2 A) . Therefore, our work also confirms the inaccessibility of residue 19 in the closed state and its subsequent exposure upon opening.
Because this downshock-and MTSET ϩ -dependent toxicity appears in bacteria that have both Leu-193Cys MscL and YggB (Figs. 2B and 3) , we extended the evidence for MscL's function in vivo (3, 17, 18) by monitoring downshock-dependent Leu193Cys MscL opening in vivo, even in the presence of YggB. However, YggB buffered the shock to Leu-193Cys MscL because a more powerful downshock (by approximately 400 mmol͞kg) was required to kill 90% of the Leu-193Cys MscLharboring cells when YggB was present (compare Figs. 3B and 4A). As mentioned in Results, the pattern of partial rescue of the double mutant by either Leu-193Cys MscL or wild-type MscL (Fig. 4 A and B) are further evidence of channel opening at a downshock threshold, which coincides with the MTSET ϩ -specific killing of cells harboring Leu-193Cys MscL upon downshock (Fig. 4) .
Our conclusions are subject to several caveats:
1. We wish to know whether the wild-type MscL opens upon downshock, but only the Leu-193Cys MscL can be tested by our method. However, Leu-193Cys MscL has a higher threshold than normal and requires MTSET ϩ to lower the gating threshold (Fig. 5) . Thus, Leu-193Cys MscL may provide a test more stringent than does wild-type MscL. (Fig. 4 A) (Fig. 4 A) , as does another stiff channel G22A MscL (see Fig. 6 , which is published as supporting information on the PNAS web site, www.pnas. org). Therefore, a high-gating threshold alone does not reliably predict an inability to rescue. This paradox may be because of inaccuracies in determining the gating threshold at high range, as discussed above. In addition, factors such as channel kinetics and͞or substate behavior may contribute to the ability of a channel to rescue MJF455 upon downshock.
Leu-193 Cys MscL is able to rescue MJF455 (which is MscL
3. The constriction of Leu-193Cys MscL may be stretched to a point that allows MTSET ϩ entry while the channel is not ''open'' to pass osmolytes. Sukharev et al. (8, 24) proposed that the ultimate gate of MscL is formed by the N-terminal peptides, not seen in the crystal structure. This model accounts for the finding that much of the MscL deformation and mechanical work performed occur between the closed and first open substate as the constriction is expanded and previously buried hydrophobic residues are exposed to water (7). Thus, even by this model, the downshock-and MTSET ϩ -specific toxicity indicates that the Leu-193Cys MscL has been severely deformed, likely close to its first open substate, by the downshock.
4. A drop in cfu unrelated to MTSET ϩ also was observed in Fig. 3A (downshock to LB400 or LB300 ). This finding showed that PB104 (mscL⌬ yggB ϩ in the AW405 background) is less well equipped to handle these relatively slight osmotic shocks than a more acute osmotic shock to LB. In contrast, MJF367 (mscL⌬ yggB ϩ in the FRAG1 background) did not show this deficiency (Fig. 3B ). These observations suggest that PB104 and MJF367 may have genetic differences with regard to regulating the response to relatively small osmotic shocks. Nonetheless, our major conclusions are drawn from the clear MTSET ϩ -dependent and Cys-19 specific effects during downshock and not from these other effects.
5. Because bacteria survive downshocks without MscL (4), MscL's role in the presence of YggB could be argued previously by its conservation in a large variety of bacteria (2, 13) , and, by its presence, allowing solute extrusion upon downshock (17, 18) . (7) and spheroplasts (S. Sukharev, personal communication) show that an average of Ϸ10 dyne͞cm of tension is required. Assuming a spherical cell volume with a 1-m diameter, Ϸ0.5 atm of pressure will gate 50% of wild-type MscL channels; with a 2-m diameter, half of that pressure would be required. This pressure translates respectively into a 20-10 mM difference in solute concentration across the plasma membrane to hypothetically open MscLs, assuming no additional in vivo support (1, 7) . Whatever the actual difference required to gate Leu-193Cys MscL in the cell, it has apparently not been reached in the absence of downshock (Fig. 2B and refs. 14  and 15 ).
In contrast, immediately upon downshock, one would expect some water and small solutes to evacuate the periplasm through porins, although solutes larger than 600 Da would be trapped inside (25) . As the periplasm became hypoosmotic relative to the cytoplasm, a tension would develop in the plasma membrane to open at least YggB. This scenario is without kinetic detail so far. However, the present study has added two pieces to the puzzle. (i) At a critical downshock, the disequilibrium between the periplasm and cytoplasm rises faster than the ability of YggB channels to relieve the pressure. Therefore, YggB is not able to prevent the tension on the plasma membrane from continuing to mount to the point where MscL opens (Fig. 3). (ii) MscL opens at milder shocks when there is no YggB (Fig. 4 A vs. 3B ). This result indicates that YggB indeed opens at a lower tension than MscL in live bacteria, as predicted from patch-clamp analyses. Apparently, YggB opening in the FRAG1 background is enough to combat downshock to LB300, so that Leu-193 Cys MscL opening does not occur (Fig. 3B) . When there is no YggB, the tension apparently rises above the Leu-193 Cys and wild-type MscL thresholds even at this shock (Figs. 4 A and B) . Thus, YggB acts as a buffer for Cys MscL in vivo, and because wild-type MscL may gate more easily than Leu-193 Cys MscL, YggB most likely acts as a buffer for wild-type MscL as well. This investigation is an attempt to bring the genetics, biochemistry, and biophysics of mechanosensitive channels to bear on bacterial physiology. We hope that our findings will stimulate further studies and discussion on membrane tension during growth, as well as bacteria's rapid and transient osmotic defense.
